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q u a l i t a t i v e  inves t iga t ion  of performance of  heat  p i  

d i f f e r e n t  working f l u i d s  is f i r s t  made; s igni f icance  of l i q u i d  pro 

va r i a t ions  on the  performance of cryogenic hea t  pipe is observed, 

theory f o r  the  cryogenic hea t  pipe,  which l a k e s  

property var i a t ions ,  is then developed, Pmdic t fons  by the  present  

n to  account the  l i q u i d  

theory compare favorably with Haskin*s experiments, 

computer program i n  Fortran IV language is wr i t ten  f o r  t h e  

Physical  p rope r t i e s  of cryogenic f l u i b ,  which are required as theory,  

program input  data are co l l ec t ed ,  For convenience of the  user  of the  

theory,  a complete l i s t i n g  of the  program wi th  u s e F s  in s t ruc t ions  and 

col lec ted  p rope r t i e s  of cryogens are appended Lo the  report, 
I 

A performance c h a r t  is developed f o r  presenttation of comple 

fomance of  cryogenic h e a t  pipes,  procedure f o r  computer aided desi  

of cryogenic hea t  pipe is also described. 

following ste 

The procedure cons i s t s  of the  

g ( i )  choice of f l u i d  and wick s t r u c t u r e ,  (15) d 

of wick dimensions, 

designed h e a t  p i p  e 

) generat ion of performance c h a r t  for the 
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1 * INTRODUCTION 

1-12 Them have been a considerable number of investigation 

a1 ambient tempmlu s in the last few yearsr both 

theoreLica1 and ex g l y 9  the design tacknique anti 

opera t ing  c h a r a c t e r i s t i c s  of  these heat p i  

understoode By comparison, the c 

ex tens ive ly  studied, l%hou(gh f e a s i b i l i t y  of the s n f e  hea t  p i p  

has; been demonstrated by the Haskin's exprhents  

is to be found in h i s  pa 

muck information 

r13# a n a l y t i c a l  desjbgn a d i C -  

s f o r  t h e  cryogenic hea t  p i  m no% a ~ a ~ 1 a b l e  in the  

open l i t e r a t u r e ,  The 

the cryogenic hea t  p i  

ogenic h e a t  p i p  has been 1 

because of its rather limited app l i ca t ion  

Cryogenic Cooling Engine (ICICLE) System, 

v€!lo&Rent chiefly 

aEd Space Fligh Center, uses a c e n t  

cooling t o  cryogenic tem 

ance of a t u l t i  

etc, Cryogenic h e a t  pf 

%a the centml 

me inten&ion of t h f s  

in %lame sec.%$ona;, F i r s t ,  a 
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i nves t iga t ion  of t h e  opera t ing  c h a r a c t e r i s t i c s  of t h e  hetat pipe will be 

t h e  cryogen on the hea t  pipe performance w i l l  be discussed, Then, 8 

mathematical models which takes t h e  var iab le  p rope r t i e s  of t he  cryogen 

in to  accountB w i l l  be developed, F i n a l l y ,  i l l u & ? a t i v e  p r f o m a n c e  

cha r t s  der ived  f r o n  t h e  present  theory 

f o r  des ign  c a l c u l a t i o n s  w i l l  be described, 

ill be pdisented, md a procedure 

s far as possible the 

present theory w i l l  also be compared with t he  Haskin's exprimeats 

at the  c r u c i a l  po in t s  of t he  argument, 

Sec t ions  2 and 3 below am mainly devoted t o  a development of 

the argument leading t o  t h e  present  theory, they may be omitted by 

readers concerned solely with t h e  use of t h e  theoryo Suck readers 

should turn t o  Sec t ion  4, which conta ins  a summary of t h e  computer 

aided des ign  and performance predic t ion  procedu s which are recommended 

complete l i s t i n g  of computer pro 

c a l c u l a t i o n s  and a c o l l e c t i o n  of properties of c 

2, 

A h e a t  pipe is a device #hose p r i n c i p l e  of operation c o n s i s t s  of 

t h e  evaporat ion of a l i q u i d ,  t h e  t r a n s p o r t  of the vapor throQgh a due%, 

the condensation of t h e  vapor the subsequent ret- of the  oondesate 

ick of capillary s t r u c t w  for m-evaporat ion,  These 

processes are illustrated i n  Figure 1, n m a l y t i c a l  model for the, 

rfomance of the  heat p i  ww first f o m u h t e d  by Cotter 2 8 h i s  m s u l t s  

are the  B03t widely usedn 

i t h  some rsimplificabtion5, $he equation for the  rnaxirnm heat  transfer 

rate der ived  by Cottemp may be expressed as 



The l iqu id  tmnsport f a c t o r ,  Wfs is a func t ion  of t he  working f l u i d  w h i l e  

a l l  o the r  t e n s  on the  r i g h t  hand s ide  of th 

heat  pipe desi@. 

f a c t o r ,  N f b  f o r  s e v e r a l  working f l u i d s  suitable f o r  he 

above equation depend on the  

Figure 2 shows the values of the  

The temperature grad ien t  of a hea t  p i p  is determined mainly by 

the  heat f l u x  dens i ty  and the  ial t h e n a l  canduc ce of the  wick 

mater ia l  saturated with the  working f l u i d  in the  l i q u i d  state 8,9,13 

Q u a l i t a t i v e l y ,  t he  conductance of the l i q u i d  sa tu ra t ed  wick may be assumed 

t o  be propar t iona l  t o  t h e  thermal conduct ivi ty  of t h e  l i q u i d  divided by 

the  wick thickness  8,13914 i ,e ,  I 

U & K / t ,  OF T (2) 

Now, f o r  a hea t  pipe of f ixed  physical  dimensions Pck thickness  

its approximate operating c h a r a c t e r i s t i c s  with d i f f e r e n t  working f l u i d s  

may be der ived from Equation 1 and 2,  These amo ( f )  t h e  maximum 

heat  trmsfer capab i l i t y  of the  hea t  pipe is d i r e c t l y  pro 

t h e  value of l i qu id  t r anspor t  f a c t o r  of the  w o ~ k i ~ $  f l u i d  

temperature drop  at equal  hea t  t r a n s f e r  ra%e is ixwersely proportion 

the  l i q u i d  the  a1 conduct ivi ty  of the  orking f l u i d ,  Figu 

shows t h e  values  of t he  l i q u i d  thermal conduct ivi ty  f o r  s eve ra l  f l u i d s ,  

S imi l a r ly ,  t h e  approximate operating: c h a r a c t e r i s t i c s  of hea t  

u a l  maximum h at trmsfer c a p a b i l i t y  may a l s o  be derived from 

i t y  condi t ion and with vapor flow passage being much l a b  

wick th ickness ,  
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Equations 1 and 2,  

proporkional t o  the  value of the l i q u i d  tranaprt factor of t h e  working 

f l u i d ,  and { i i )  t he  temprat 

inversely proport ional  t o  t 

and the  l i q u i d  transport f a c t o r ,  

These amg ( i )  t h e  wick thickness requimd is inversely 

drop a t  eqml heat %ransfer 

duct  of the l i q u i d  -thermal conduct ivi ty  

For t h e  C Q ~  

t h i s  product is named as the l i q u i d  thermal conduct 

values f o r  s eve ra l  f l u i d s  am p lo t t ed  i n  Figu 

ce f w t o r e  Its 

We have derived above t h e  approxima-be r e l a t i v e  o r a k i n g  c h a r a c t e r i s t i c s  

of heat  pipes  in tenns of the  l l q u i d  t 

conduct ivi ty  and l i q u i d  thermal conduct 

f o r  t he  cryogenic fluids, as can be s8 

small hea t  transfer c a p a b i l i t y  and la 

heat  p i p .  For exampleB the  kernperaturn drop f o r  the Haskin's l i qu id  

ni t rogen heat pipe13 is about 20'K at 20 w tts, 

the  cryogenic heat pipe may not be considered 

ctmB l i q u i d  thermal 

drop f o r  t h e  cgyo 

Under t h i s  condition, 

In  addi t ion ,  t h e  operational temperature sang@ of the  heal-pi 

working f l u i d  is between t h e  t r i p l e  point and t h e  c r i t i c a l  temp8ratu 

e T h i s  tempera ture  range is always small for t h e  c 

f lu id8  e r g e g  63OK for l i q u i d  ni t rogen,  

within t h i s  range changes f r o m  one extreme ( s o l i d )  t o  %he o the r  (ga 

effect of vas lab le  pro 

As the pro ies of  the f l u i d  

f o r  l i q u i d  ni t rogen,  f o r  example 

and l ,$?xlO t o  1,36x10 ergs/(cm-OK-sec) res c t iveay  when th@ $emapera% 

change from 10,53 to 8,27 dynes/em 

4 4 

s frow 70°K to 80°K, 

The above considerat ion shows t h a t  the e f f e e t  of l i q u i d  propse-by 
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var i a t ions  on the  performance of the  cryogenic k a t  p i p  is sigttificarat, 

On t h e  o t h e r  hand, it w i l l  be sho that  the effect of vapor 

propllrty v a r i a t i o n s  on t h e  rfomance of the  c 

i n s i g n i f i c a n t  

The vapor pressure drop of a hea t  pipe 1s always smaller than the 

c a p i l l a r y  pumping psessiire. For s implhc i ty ,  however, l e t  u5 assume khat the  

vapor pressure drop is equal  t o  the  capillary pumping pressure, Then, t he  

vapor pressure drop may be expressed as 

APv ' 2 8f/rce ( 3 )  

The corresponding vapor tern rature drop can be obtained by s u b s t i t u t i n g  

pv from Equation 3 i n t o  the well-known Clausius-Clapeyron equation. The 

2 r e s u l t  is 
mv ~ 

Pvhfg *C 
0 (4) 

The magnitude of T, for the cryogen is u u a l l y  mall because of the 

small values of T, and tf and large values of pv and h 

for sa tu ra t ed  ni t rogen a t  atmospheric pressure with rc being 50 mic 

t h e  evaluated BTv is only O,O3'K, which fs i n s ign i f i can t  in most 

For example, fg" 

appl icat ions 

The analyses  which follow use the heat  p i p  of Figure I with 

constant  vapor-flow-passage a d  conta iner  diameters, 

f o r  t h e  ~ ~ ~ u ~ ~ p ~ ~ ~ t ~  var t i o n ,  %he l i q u i d  t e m p r a t u  distributfon 

In  order t o  account 



w i l l  first be derived,  

heat  t r a n s f e r  capab i l i t y  of t h e  heat  p i  

Following t h i s ,  t he  spratiplg tempSeratum and 

3.1 Liquid Terngemturn Dis t r ibu t ion  

Because of t h e  small thermal conduct ivi ty  of the  cryogenB it is desir- 

ab le  t h a t  t he  wick th ickness  of t he  cryogenic hea t  pipe be made as small 

a5 possible  f o r  t h e  required hea t  t r a n s f e r  rate, In the  ca l cu lk t i en ,  it 

w i l l  be assumed that the wick thickness  is much smallel than the radius of 

the  vapor-flow passage. 

by a uniform d i s t r ibu t ion .  

heat  transfer  calculation^^^ w i l l  be made ; these  am 

The mass f l u x  i n  the  c a p i l l a r y  kick is approximated 

Also, t he  usual channel flow assumptions for 

the axial conduction 

is small in comparison with convection, and the property values  are evaluated 

at t h e  Ilquid bulk average temperature, The de r iva t ion  f o r  t h e  temp 

i n  t h e  evaporator  s ec t ion  is given belo i n  detail, S imi la r  

has  been used f o r  t he  condenser s ec t ion ,  but f o r  b rev i ty  resu l t s  fo 

t he  condenser s ec t ion  are stated without details of der iva t ion ,  

A s t a t i o n a r y  l iqu id  and wick con t ro l  volume of thickness  dy 

b o u n h r i e s  of t h e  evaporator  are represented i n  Figure 5 i t h  terns which 

appear i n  t h e  energy consemat ion  equations the boundary condit%ons, 

The pr inc ip l e  of conservation of energy mquims t h a t  

and t he  boundary condi t ions are 

T = Ts, at y = t ,  (6) 

The so lu t ion  for " t h e  system of Equations 5 and 6 nay be obtained by 

s t m i g h t f  o integration, The r e s u l t s  are8 
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f o r  the  l i q u i d  temperature d i s t r i b u t i o n ;  

f o r  t h e  radial t e m p r a t u m  drop ac ross  t h e  wick at the  evaporator; 

and 
t 

Y2 )dY)dY v ( 9 )  
E Ts ' 

0 

€or the bulk average ternperatuse of t h e  liquid at the  evaporator.  

these  E q u t i o n s  7 through 9* me is required. t o  s a t i s f y  t h e  equation 

In 

3y a similar procedure, we have obtained the foblowing tem 

Y 2 b Y  
mccp€ ,bc 

mi%tKm rbc 
" T S -  

f o r  t he  liquidt tempemturn d i s t r i b u t i o n  
A 

f o r  the  radial temperatu drop across the 

for the bulk average tern 

value a€ me fn Equations 91 through 13 is mcpleimd t o  satisfy $he con- 

d i t i o n ,  

of t h e  liquid a t  the  condensere, The 
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In  t h e  above Equatfons 5 through 14, t h e  l u e s  of t he  t h  

conduct ivi ty  f o r  t h e  l i q u i d  saturated wick, K,, a m  dependeat upon the  

wick s t r u c t u r e  as well as the  a1 conduc t iv i t i e s  of t h e  l i q u i d  and 

t h e  wick material at t h e  temperature under cons iderat ion Equations 

developed by Gorring and Churchill16 a 

example, f o r  t he  f ib rous  o r  mesh-screen wick t h e  @qw%ion recommended is 

recommended t o  be used/: For  

The equat ions governing t h e  l i q u i d  bulk avenge tern ratunr! and the 

radial t e m p e r a t u r e  drop at the  evaporator  as well as at t h e  condenser 

have been obtained, 

a t  the  respec t ive  bulk average temperatures f o r  t h e  evaporator and 

condenserc 

beginning of t h e  ca l cu la t ion ,  

solve these  equations,  

The property values  in these  e q h t i o n s  a m  evaluated 

However, t h e  bulk average tsmpemtures  am not  known a t  the  

I t e r a t i o n  processes have Lo be used t o  

3.2 

For hea t  pipe performance, the  temp ure d i f f e rence  betwea 

t he  absolu te  evaporator o u t e r  wall and t h e  condenser o u t e r  wall 

temperature at the  evaporator  o u t e r  w a l l  ( o r  t h e  condense 

are important parameters f o r  t h e  desi  ers and .&he users  of  t he  hea t  pipe,  

t u r n  drops ac ross  the  evaporator  wick and t h e  condenser 

have been discussed above in detai l ;  i ,e,  e they be calculated by 

Equations 8 and 12, respec t ive ly ,  
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The radialtemperatur@ drops across  the  conta iner  walls may be 

ca lcu la ted  by equations15 
8 

for t he  evaporator  and condenser walls respec t ive ly ,  

Hence, the condenser wall temperature and t h e  t o t a l  temp 

drop f o r  the hea t  pipe may be calculated by t h e  equations,  

Tc,* = Ts - (TS--TCJ) - PcJ- Tc,,)r (18) 

and (Tcei-Tcpo) are ca lcu la ted  by Equations 16, 8, 12 and 17, respec t ive ly ,  

Since a number of simplifying assumptions have been usea in the  

above de r iva t ion  of t h e  temperature  d i s t r i b u t i o n  equations,  a co 

between theory and ava i l ab le  experimental  data is made, Figuse 6 sh 

the  experimental  d a t a  for a l i q u i d  ni t rogen hea t  p i p  from Table 1 of 

Reference l3# and t h e  present  pred ic t ions  under t h e  same condi t ions,  

The agreement between theory and experiments is s a t i s f a c t o r y ,  

3.3 

Designers and users  of the  hea t  pipe are 

msxhum hea% t r a n s f e r  capab i l i t y  besides t h e  ope 

above, Because of t h e  low suxface tens ion  and h i  

rsfer capab i l i t y  for t he  cryog@ni.c: h 

of t h e  cryogen 

12 
ick limited That  is, it may be assumed t h a t  sax under 5em- 
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r a v i t y  condi t ions can be obtained by equating t h e  maximum capi l lapy  pwssure 

with the  sum of t h e  liquid pmssure drop and the  vapor pressure drop,  

dPc = 

For t h e  isothermal case, the  equat ions f o r  Apce d p f p  alld Ap,, 
2 have been derived by Cot t e r  +, They am m s p c t i v e l y  as fol lows,  

(21 1 

where Equation 22 corresponds Lo Cot te r ’s  equat ion f o r  small maxfwum 

hea t  t r a n s f e r  c a w b i l i t y ,  which may be assumed t o  be true for t h e  cryogenic 

heat  pipe because of t h e  low values  of the  l i q u i d  t r anspor t  factor f o r  

cryogens (see Sect ion 2), 

F o r  cryogenic hea t  p i p s  e are required t o  introduce appropr ia te  

property values i n t o  Equations 21 through 23* In vfew of t h e  sucaess  

t h e  bulk average t empra%ure  method f o r  t h e  ternperatwe- 

drop ca l cu la t ions  (see Figure 6) e t he  values of 

at the bulk average tea 

and fi are evaluated 

condenser s ec t ion  ~%!spCtively. Since evaporation ( o r  Condensation) 

and the  capillary pumping 

4 and hfg are evaluated a t  the  s a t u r a t i o n  vapor temperature, which may 

be assumed mifs 

phenomena at the vBlpor-1iquid interface 

( QT,SO) f o r  a heat p i p  opera t ing  una~aer given condi t ions,  

Introducing the  appropr ia te  f l u i d  proper t ies  diascuss~d above into 

21 through 23 and then s u b s t i t u t i n g  them fm$o Equation 20, we 

b i n  the fol lowing governing equation f o r  t he  maximum hea t  transfer 
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capab i l i t y  of t h e  cryogenic heat p i p ,  

Computer Program and F l ~ i d  P r o p r t i e s  

A pro f o r  t h e  above theonv has been wait%en i n  FoP”tmn IV 

language, This  program and ins t ruc t ions  f o r  its use! &re given i n  

Besides the  heat-pipe dimensions and wick struetu 

physical  properties of heat-pipe working f l u i d s  are re levant  

performance of the hea t  p i p 8  

vapor pressure, s a t u r a t i o n  vapor dens i ty ,  s a tu ra t fon  vapor v i scos i ty ,  

hea t  of vapor iza t ionB s a t u r a t i o n  l i q u i d  sur face  tension, sraaturalian 

l i q u i d  d e n s i t y  saturation l i q u i d  viscosi-by, s a t u r a t i o n  lfqufd. specific 

heat, and s a t u r a t i o n  l i q u i d  thermal conduct ivi ty  at  var ious tempmtures, 

They have been co l l ec t ed  from s e v e r a l  Refemrmces ’ ~ 3  for nine flui,r.~s, 

These nfne groprbiess are ths s a t u r a t i o n  

namslyo helium, hydrogen, neon, f l o u r i n e  e nitrogen, I ~ ~ Q I I ~  oxygeti, mathane 

and Freon-14, Th coueceed  aata are presentea. h 

mathematical model f o r  ana lyses  of the  cryogenic heat pipe 

which may o f t e n  

be considered as an f s o t h e m a l  device2 

af the  cryogenic hea t  p i p  must include not only the msximum heat traasfer 

the prfomance? chamcteriza%isn 

b i l i t y  bu t  also t h e  condenser and evaporator  wall temperaturns. The 
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evaporator  and condenser u a l l  temperatures are determined from Equrations 18 

and 19 as a funct ion  of t he  beat  t r a n s f e r  ra te  while t he  maximum hea t  

t r a n s f e r  c a p a b i l i t y  is found from Equation 24, 

For  complete presenta t ion  of performance of  a heat  pipe i n  u s i n g l e  

c h a r t o  cons tan t  h e a t - t r a n s f e r - s t e #  QYS curves may be mapped on ‘the co- 

o rd ina te s  (TeDO-TCBO) versus  TcPO. 

transfer c a p a b i l i t y  of the  hea t  pipe may a l s o  be traced on t h e  same co- 

ord ina tes ,  

f o r  a s t a i n l e s s  steel 304 hea t  pipe with rOs rip rv9 5 g 0  sa and 

zc equal t o  0,5@ 0,48, 0,42, 6, 48@ and 6, cm respec t ive ly .  

stainless s tee1 .304  mesh screen i s  used f o r  t h e  wick with 

rC=OeO1cm and r f = O , O 1 c i n ,  

fluid,. 

In  add i t ion ,  t he  maximum hea t  

Figure 7 shows an  example of  such performance c h a r t s  

W r a m d  

Liquid ni t rogen  is chosen as t h e  working 

4,2 Design Procedure 

In many casesB t h e  problem of designing a heat pipe is spec i f i ed  

as follows: 

For a given app l i ca t ion  of the  h e a t  p i p ,  the  range of opera t ing  

temperature,  the  required hea t  t r a n s f e r  rate, t h e  s t ruckurn of Hick meaterial, 

t h e  phys ica l  dimension o f  t he  con ta ine r  and t h e  lengths  of  t h e  evaporator ,  

adiabatic and condenser s e c t i o n s  are s p c i f i @ d ,  It is required t o  f i n d  

d working f l u i d ,  the dimensions of c a p i l l a r y  wick,  and the 

e of t he  desi ned hea t  pipe,  

The procedure of so lv ing  t h i s  problem by the present theory is 

as followsr 

1. To des ign  for minimurn temperature drop, it is r equ i r ed  t a  

choose a working f l u i d  with maximum value of l i q u i d  thema1 
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conductance f a c t o r $  so.the choice of working fluid f o r  t h e  

specified range of operation may be made by reference t o  

i t h  t he  s t r u c t u r e  of wick material specified, the mquihred 
a .  

wick th ickness  f o r  t h e  specified heat t r a n s f e r  rate can be 

ca lcu la ted  by the use  of the computer program lis%& i n ?  

3 8  Following the ds-knmination of the wick diratensions and the 

working f l u i d s  as descr ibed aboveg a performance cha r t  f o r  t h e  

may k generated,  again with the aid of the  e r 

program listed in 

5@ CONCLUSIONS AND RECOMlXND 

5 @ l  Conclusions 

In conclusion t h e  results of t h i s  program can be summarized ILS 

follawso 

1, The s lgn l f i cance  of  the l i q u i d  property v a r i a t i o n s  on t h e  

performance of cryogenic heat pipe was discovered. A theory 

tak ing  accormt of l i q u i d  property variations has accordingly 

been developed for the  cryogenic heat pipes,  A computer program 

written i n  For t ran  IV language has been developed f o r  t h e  

theory tc; facilitate design and performance ca l cu la t ions ,  

2, Praperty values of cryogens r e l evan t  to heat pipe per forname 

have been co l l ec t ed  and appended is t h i s  report (see Appmlix 

B) e 
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3,, The use o f  c h a r t s  is sugq@sted Lo f a c i l i t a t e  complete 

cha rac t e r i za t ion  of heat  pipe performance. For an 

example of  such cha r t s ,  see Figure 7 %  

A procedure f o r  t h e  computer aided design of cryogenic 

hea t  pipes I s  developed and descr ibed i n  Sect ions 4,2, 

4, 

5 8  Comparison of t h e  theory with the  e x i s t i n g  experimental  

d a t a  f o r  a cryogenic hea t  pip& has been made (see Figure 6 ) ,  

The agreement between them is s a t i s f a c t o r y ,  However, it 

should be mentioned hem t h a t  t h i s  comparison is only  a 

partial confirmation of  t he  theory,  For example,, no d a t a  

are ava i l ab le  at  the  present t o  check predic t ions  f o r  t h e  

maximum hea t  t r a n s f e r  c a p a b i l i t y ,  

5 2  Recommendat ions 

I t  is recommended t h a t  the present  theory should be extended and 

developed i n  the  following wayst 

There is a need for experimental  work of g r e a t e r  range and 

higher  accuracy, so t h a t  -the theory can be f u r t h e r  rsf ined,  

In p a r t i c u l a r ,  endeavour should. be macle i n  experiments t o  

obta in  t h e  complete prrformance c h a r t  of t he  hea t  p i p  under 

test (see Figure 7 ) e  

of  t h e  t h e o r e t i c a l  implicat ion would be a b l e  t o  be made, 

S t  is genera l ly  believed t h a t  bo i l i ng  l i m i t a t i o n  on the 

operation of  cryogenic hea t  pipe is important, H o ~ e v e r ,  at 

the present  time; no such data a m  avai lab le .  Both t h e o r e t i c a l  

and experimental  s t u d i e s  of b o i l i n g  l i m i t a t i o n  on cryogenic 

heat  p i p s  should be made, 

I, 

Following this8 thorough examination 

2, 
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s for the  thermal conduct ivi ty  of cryogen sa tura ted  %sick, 

d Church i l l@$ correlat ion? sppars rspproprtate, 

when the  l i q u i d  is t he  major phase and t h e  wick material is 

t h e  minor phase, 

conduct ivi ty  of c ogensB t h e r e  is an advantage i f i  using wick 

material which has metal as a major phase, such as s in t e red  

metal, 

cryogens should measured and the data be correlated, 

n extension of t he  present theory should be made %a include 

ick  s t r u c t u m s  

Howeverp because of the low t h s m s l  

Thermal conduct ivi ty  of sintered metal s s tumted  wi$h 

its app l i cab i lh ty  to the hea t  p i p s  of composite 

and to t he  ambient and high %empratu 
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APPENDIX A 

A CONPUTEH PROGRAM FOR HEAT PIPE DESIGN AND PERFORMANCE CALCUUTIOMS 

A complete l i s t i n g  o f  t h e  computer program i n  For t ran  IV language 

is given below, I n  add i t ion ,  Figure 1 shows t h e  flow diagram of t he  program; 

and Table A 1  shows an  input d a t a  shee t ,  A l l  t he  in t ege r s  are + d i g i t  

f i g u r e s  (Is); and a l l  cons tan ts  are l5-diai-k f i g u r e s  ( ~ 1 5 ~ 6 ) ~  The 

For t ran  Symbols are defined as fo l lows% 

IDOP 

QQ 

DQ 

KK I 

KU K 

NDR 

n B  

w ITV 

RO 

HI 

RV 1 

%i 

ZE 

ZA 

zc 
FEE 

ti 

r’PS 

RC 

‘I 

specified 1 f o r  design ca l cu la t ions  and spec i f i ed  2 of performance 
ca l cu la t ions  

t h e  i n i t i a l  hea t  t r a n s f e r  rate i n  erg.w/sec f o r  perf‘omance ca lcu la t ion :  
arbitrary cons tan t  may be assjgned f o r  design ca l cu la t ions  

s tepwise increase i n  h e a t  t r a n s f e r  rate f o r  performance ca l cu la t ions ;  
arbitrary cons tan t  may be assigned f o r  design ca l cu la t ions  

number of d i f f e r e n t  hea t  plpe dimensions under study 

specified 1 f o r  slmple hea t  pip?  of uniform wick structure; specified 
2 for channel o r  artexy hea t  pipe 

number of increments of  vapor f l o w  passage 

s tepwise change of  r a d i u s  of vapor flow passage i n  cm 

number of increments of UQ 

conta iner  o u t e r  radius i n  cm 

conta iner  inner  radius. i n  cm 

3.nitb.L r a d i u s  of vapor flow passage i n  cm 

e f f e c t i v e  hydmul i c  radius for l i q u i d  f low i n  cm 

l e n g t h  of evaporator  section in cm 

leng th  of adiabatic sec t ion  i n  cm 

Length of condenser s ec t ion  in  cm 

spec i f i ed  zero f o r  grnvi-ty free coridi-bion 

p m e a b i l i t y  f a c t o r  f o r  c a p i l l a r y  s t r u c t u r e  

po ros i ty  of capillary 5truc-t.in-e 

effect ive radius f o r  capil I a ry  pressure cm 
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‘ T A  

HE(: 

R I E C  

RVEC 

RFEC 

EPSEC 

B 

R 

RV 

RFA 

EPSA 

MO 

TSAT 

C F F  

DE NF 

VSF 

m e a b i l i t y  fac tor  for %he f o r  t h e  evaporator  an6 condenser, o n l ~  
requi red  Lo be spec i f fed  for artery o r  channel hea t  pipe 

o u t e r  rad ius  i n  cm f o r  l i q u i d  flow f o r  t h e  evaporator and condenser, 
only required f o r  a r t e r y  o r  channel hea t  p i p  

inner  r a d i u s  i n  cm f o r  l i q u i d  flow f o r  t h e  evaporator  and condenserp 
only required f o r  a r t e r y  o r  channel heat pipe 

hydraul ic  rad ius  i n  cm for liquid flow i n  evaporator  and condenserg 
only required f o r  a r t e r y  o r  channel h e a t  pipe 

poros i ty  for evaporator  and condenser, only required f o r  artery or 
channel hea t  pipe 

permeabi l i ty  f a c t o r  for a d i a b a t i c  s ec t ion ,  only required for 
a r t e r y  o r  channel hea t  pipe 

o u t e r  r ad ius  i n  ern f o r  l i q u i d  fhon f o r  %he adllabatic s ec t ion ,  
only required f o r  a r t e r y  or channel hea t  p i p  

jnner radius i n  cm for l i q u i d  flow f o r  t h e  adiabatic sec t ion ,  
only required for a r t e r y  o r  channel h e a t  p i p  

hydraul ic  r a d i u s  i n  cm f o r  l i q u i d  flow i n  t he  a d i a b a t i c  s ec t ion ,  
only required f o r  a r t e r y  or channel h e a t  p i p  

porosity for t h e  adiabatic sec t ion ,  only required f o r  a r t e r y  
o r  channel hea t  p i p  

number of vapor condi t ions under s tudy 

s a t u r a t i o n  vapor temperature in K 

sa turak ion  vapor pressure i n  dynes per cm 

l l q u i d  specif i c  hea t  at s a t u r a t i o n  temperature in ergs/*/% 

0 

2 

saturation l i q u i d  dens i ty  i n  gm/cn 3 

s a t u r a t i o n  l i q u i d  v i s c o s i t y  i n  poises  

CDF 

SFT sueace t ens ion  i n  dynes/cm 

HFG 

DENG 

VSS s a t u r a t i o n  vapor v i scos i ty  i n  poises 

s a t u r a t i o n  lfqu-fd thermal conduct ivi ty  i n  ergs/cm-sec-OK 

heat of uaporizat jon i n  ergs/@ 

sakura t ion  vapor dens i ty  i n  g~m/cm3 

R gas cons tan t  e r g s / p / %  
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CDW 

CDUK 

BE' 

hl 

AUK 

ADEW 

ACPF 

AVSF 

thermal conductlvi-ty of conta iner  wall i n  ergs/cm-sec-OK 

thermal condull.vity of wick material i n  erg,/cm-sec-OK 

change in l i q u i d  thermal conduct ivi ty  p r  u n i t  change i n  temperature 
i n  e rg/cm-se c-'K/'K 

change i n  con ta ine r  wall thermal coriduct i v i t y  per 
u n i t  change i n  temperature i n  erg/cm-sec-°K/oK 

change i n  wick thermal conduct ivi ty  per u n i t  change i n  t e m p r a t u r e  
i n  erg/cm-se c-OK/'K 

change i n  l i q u i d  dens i ty  per unit change i n  temperature i n  gm/cm3/0K 

change i n  li ujd s p e c i f i c  heat  per u n i t  change i n  temperature 
i n  e rg /gm-OK 3 OK 

change in l i q u i d  v i s c o s i t y  per u n i t  change i n  temperature i n  
po ise s/'K 
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Figure 191 Flow diagram -- of the computer program 

I 
I 1  

[Set IDOP design or performance 1 

i-- 
Read dimensions 1 

[-iG&k proptsrty ;dues -- I 

Calculate maximum heat-transfe - 



IDOP 
QQ 
KK I 
KWK 
NDR 
DR 
N JTV 
HO 
ZE 
B 
BEC 
HFEC 

A 
NO 
TS 
DE 
HFG 

ADENF 

R 1  
z 
EPS 
R l E C  
EPSEC 
RXB 
EPSA 

PSAT 
VSF 
D E K  

Table A 1  

- Computer program input  data 

RV 1 
zc 
RC 
RVEC 

RVA 

C PF 
CDF 
VSG 
CDklK 

bdK 
VSF 

w 
FEE 
CTA 

SFT 
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APPEND1.X 

COLLKXED PHYSICAL PROPERTIES OF CRYOGENS 

Nine phys ica l  p rope r t i e s  of cryogens, s a t u r a t i o n  vapor pressure e 

s a t u r a t i o n  vapor dens i ty ,  s a t u r a t i o n  vapor v i scos i ty ,  hea t  of viipokiization, 

s a t u r a t i o n  l i q u i d  surface tens ion  e s a t u r a t i o n  l i q u i d  dens i ty  saturation 

l i q u i d  v i scos i ty ,  s a t u r a t i o n  l i q u i d  specific heat and s a t u r a t i o n  

l i q u i d  thermal conduct ivi ty  have been co l l ec t ed  and p lo t t ed  versus  

temperature f o r  each of  t he  nine cryogens e helium 

f l o u r i n e  n i t rogen ,  argon, oxygen, methane and Freon-14. In  add i t ion ,  

t r i p l e  point  temperature and c r i t i ca l  t e m p r a t u r n  for each of t hese  

nine cryogens are presented i n  Table B1,  

hydrgen, neonp 
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L i s t  of F i g u r e s  ”-.- f o r  Psaefr”cies of Cryogens 

Fj.B;ures B l ( a  to i)” 

Figures  B2(a to i) 

Flgures  B3(a t o  i> 

Figures Bk(a t o  i) 

Figures  B5(a  t o  i) 

F i g i r e s  B6(a t o  1) 

F i g u r e s  B7(a to i) 

Figures  B8(a Lo i>  

Figures B9(a to i) 

Proper t ies  of  helium 

Properties of hydrogen 

P rope r t i e s  of neon 

P rope r t i e s  of f lour ine  

Proper t ies  of n i t rogen  

P rope r t i e s  of  argon 

?roper t ies  of oxygen 

Properties of  methane 

pro pe rt ie s of  F’E on- 14 

, lul- --- -- ^LI -I__ 

(a)” Saturation vapor pressure 

(b)” Sa tu ra t ion  vapor dens i ty  

( c )  * Satura t ion  vapor v i scos i ty  

( d ) ”  Heat of vaporization 

(e) ++ Sa tu ra t ion  l iqu id  surface t ens ion  

(f)” Saturation l iquid  dens i ty  

( a ) ”  Saturation liquid vbscosi-ty 

( h )  * Satwratton l.iguid specific heat 

( i)” Saturation l iqu id  thermal coixiuetivjty 
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Helium 

Hydrogen 

Neon 

F lour  i n e  

Nitrogen 

Argon 

Oxygen 

Me thane 

Freon- 14 

Table  B1 

---I 

1389 

19,o 

53,5 

63,2 

8 3 , 8  

54 s 4 

88,7 

89,s  

C r i t 1-5 

!5,2 

33,2 

44,4 

118,2 

126,2 

150,7 

P 5 4 e 6  

a90,7 

228 0 0 
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